Many strong gravitational lenses lie in complex environments, such as poor groups of galaxies, that significantly bias conclusions from lens analyses. We are undertaking a photometric survey of all known galaxy-mass strong lenses to characterize their environments and include them in careful lens modeling, and to build a large, uniform sample of galaxy groups at intermediate redshifts for evolutionary studies. In this paper we present wide-field photometry of the environments of twelve lens systems with 0.24 ≤ z lens ≤ 0.5. Using a red-sequence identifying technique, we find that eight of the twelve lenses lie in groups, and that ten group-like structures are projected along the line of sight towards seven of these lenses. Follow-up spectroscopy of a subset of these fields confirms these results. For lenses in groups, the group centroid position is consistent with the direction of the external tidal shear required by lens models. Lens galaxies are not all super-L * ellipticals; the median lens luminosity is L * , and the distribution of lens luminosities extends 3 magnitudes below L * (in agreement with theoretical models). Only two of the lenses in groups are the brightest group galaxy, in qualitative agreement with theoretical predictions. As in the local Universe, the highest velocity-dispersion (σ) groups contain a brightest member spatially coincident with the group centroid, whereas lower-σ groups tend to have an offset brightest group galaxy. This suggests that higher-σ groups are more dynamically relaxed than lower-σ groups and that at least some evolved groups exist by z ∼ 0.5.
Gravitational lensing statistics can be used to constrain the density and the equation of state of dark energy (e.g. , Turner 1990; Kochanek 1996a; Cooray & Huterer 1999; Chae 2003; Mitchell et al. 2005) . Strong lensing also allows the determination of the mass, shape and evolution of dark-matter halos (e.g., Kochanek 1991; Keeton et al. 1998; Treu & Koopmans 2002a,b; Rusin et al. 2003; Rusin & Kochanek 2005) . Anomalies in the flux ratios of individual lenses are the basis for studies of substructure in dark matter halos (e.g., Mao & Schneider 1998; Metcalf & Madau 2001; Dalal & Kochanek 2002; Metcalf et al. 2004) , measurements of the size of AGN accretion disk sizes (e.g., Rauch & Blandford 1991; Wyithe et al. 2000; Yonehara 2001; Kochanek 2004 ) and the size of AGN broad-line regions (e.g., Abajas et al. 2002; Lewis & Ibata 2004; Richards et al. 2004) .
These studies are all sensitive to the mass model used to calculate the lensing potential. Understanding whether the lens potential is significantly affected by a complex environment is crucial for obtaining accurate models and avoiding significant biases (Keeton & Zabludoff 2004) . Simple arguments suggest that at least 25% of lens galaxies should lie in bound groups or clusters of galaxies (Keeton, Christlein, & Zabludoff 2000) , but most lens environments have not yet been studied. A few gravitational lenses are already known to lie in galaxy groups (e.g., Kundić et al. 1997a; Tonry 1998; Tonry & Kochanek 1999; Fassnacht et al. 2006 ) and clusters (e.g., Young et al. 1981; Fischer, Schade, & Barrientos 1998; Kneib, Cohen, & Hjorth 2000) . Extended X-ray emission, indicative of more massive, dynamically evolved groups has been detected around some lenses (PG1115+080 and CLASS B1422+231; Grant et al. 2004 ), but not around others (CLASS B1600+434 and CLASS B1608+656; Dai & Kochanek 2005) .
Attempts have been made to correlate lens models with lens environments, with mixed results (e.g., Hogg & Blandford 1994; Schechter et al. 1997; Kundić et al. 1997a; Kundic et al. 1997b; Lehár et al. 2000) . However, these studies typically examine a region only ∼ 30 ′′ (∼ 130 kpc at z = 0.3) around the lens, and group virial radii (∼ 500h −1 kpc; can extend out to a few arcminutes. Most recently, Momcheva et al. (2006; hereafter M06) find that six of eight lenses in that spectroscopic survey lie in groups. Some of those lenses were targeted because a group was previously known or suspected, so it is not yet clear whether M06's high group fraction is representative of most lenses. A larger, less-biased survey of lens environments is clearly required.
As gravitational lensing involves an integration of mass along the line-of-sight, one must also consider the possible effect of line-of-sight galaxy groups, both foreground and background. If the impact parameter is small and the mass large, an interloping group can have a significant impact ( 0.05 in the normalized shear and convergence terms) in lensing models (M06), although theoretical estimates of whether this effect is common yield conflicting results (e.g., Seljak 1994; Bar-Kana 1996; Premadi & Martel 2004) . Observational studies find evidence of lineof-sight groups toward a few gravitational lenses, such as B0712+472 (Fassnacht & Lubin 2002) , MG J1131+0445 (Tonry & Kochanek 2000) , and B1608+656 (Fassnacht et al. 2006) . In M06 we present spectroscopic identification of a massive group behind MG J0751+2716 that significantly impacts that lens model. A detailed census of line-of-sight groups is clearly needed to understand whether or not they are common, significant perturbers of lens models.
If many lenses do lie in groups, a comprehensive study of lens galaxy environments will provide a unique sample of galaxy groups with redshifts out to z ∼ 1, the range of lens galaxy redshifts. The group environment is an important laboratory for studying galaxy evolution, as groups are common environments for galaxies and are relatively simple systems in which the range of factors impacting galaxy evolution (primarily galaxy-galaxy interactions) is much narrower than in the complex, hot, dense cluster environment ). There is a small but growing number of surveys for groups at intermediate redshifts (Carlberg et al. 2001; Wilman et al. 2005; Gerke et al. 2005) . These searches are challenging, because poor groups are difficult to find given their low projected surface densities and faint Xray luminosities. The large, homogeneous sample of groups obtained from a lens survey would, when compared with local samples, permit direct observation of group evolution.
One measure of group evolution may be the properties of the brightest group galaxy (BGG). In nearby, high velocity dispersion (σ 300 km s −1 ) groups, the BGG is typically a giant, central elliptical van den Bosch et al. 2005) . In contrast, low-σ groups at z ≈ 0 rarely have a dominant, bright member at their centers and tend to be elliptical-poor. These results suggest that higher-σ groups are generally more dynamically evolved than their low-σ counterparts. It is unknown whether this dichotomy persists out to higher redshifts or whether group evolution is sufficiently rapid to make distant groups with central giant ellipticals rare. A sample of poor groups at higher redshift may permit this question to be addressed for the first time.
Because lensing selects on the basis of mass (e.g., Fukugita & Turner 1991) , one might first expect that lens galaxies in groups would also be the BGGs. However, the sheer number of dwarf galaxies in a rich environment can offset the larger cross section of the massive BGG (Keeton, Christlein, & Zabludoff 2000) , leading to the prediction that fewer than ∼50% of lens galaxies are BGGs (Oguri 2006) . Lens theory further suggests that lens galaxies span a large range of luminosities, with a typical luminosity around L * (e.g., Kochanek et al. 2000) . The data are now in hand to determine directly the distribution of lens galaxy luminosities and the fraction of lens galaxies that are also BGGs.
In order to address these issues, we have undertaken a photometric survey of ∼ 80 strong gravitational lenses, nearly the complete sample of lens systems known as of early 2004, with a significant fraction of these (∼ 1/3) targeted for follow-up spectroscopy. The goals of our survey are to characterize the local environment of each lens galaxy out to large radii (∼ 15 arcminutes), to identify any line-of-sight structures toward each lens system, to determine the impact of the local environment and the interloping systems on the lens model, and to compile a large catalog of galaxy groups at intermediate redshifts useful for studying group evolution from z ≈ 1 to the present.
In Keeton & Zabludoff (2004) , the theoretical underpinnings of the biases introduced by over-dense environments at the lens redshift are discussed in detail. In this paper we present the first results of our photometric survey, focusing on the fields of twelve lenses. Follow-up spectroscopy of eight of these lenses and detailed analyses of the shear and convergence introduced by both the immediate lens environment and any interloping structures are presented in M06. In §2 of this paper we describe the lens sample, observations, and data reduction techniques. In §3 we discuss the red-sequence finding algorithm we use to detect candidate groups in our photometric catalog, including simulations of its effectiveness and comparisons to the spectroscopic data. In §4 we employ our sample of detected groups to address the issues raised above. Throughout this paper we assume a standard cosmology of H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. Unless explicitly stated otherwise, all physical quantities from referenced papers have been adapted to this cosmology.
OBSERVATIONS

Sample Selection
We select our sample of twelve lens systems from the sample of all known lens systems on the basis of redshift (z lens ≤ 0.5) and foreground reddening (E(B −V ) ≤ 0.2). We also select roughly equal numbers of quadruple-and double-image lenses, as well as a handful of "other" image types (two objects with Einstein rings and one system with two lens planes). Imaging and analysis of the remaining lens systems will be presented in a future paper. The current lens sample is given in Table 1 .
Of these twelve lens systems, three have previously published spectroscopically confirmed groups at the lens redshift: MG J0751+2716 (hereafter MG0751; Tonry & Kochanek 1999) , PG 1115+080 (hereafter PG1115; Kundić et al. 1997a) , and CLASS B1422+231 (hereafter B1422; Kundić et al. 1997a ). B0712+472 (hereafter B0712) has a spectroscopic foreground group at z ≈ 0.29 but no known group surrounding the lens (Fassnacht & Lubin 2002) . Two other lens systems have either an over-density of galaxies projected around the lens (MG J1654+1346, hereafter MG1654; Langston et al. 1989 ) or a group identified by photometric redshifts (HE 2149 -2745 Lopez, Wucknitz, & Wisotzki 1998; Faure et al. 2004) . Two more lens systems are best characterized by models including external shear, suggesting the presence of an additional mass component: BRI 0952-0115 (hereafter BRI0952; Lehár et al. 2000) and 1RXS J113155.4-123155 (hereafter RXJ1131; Sluse et al. 2003) . For the remaining four lenses, FBQS J0951+2635 (hereafter FBQS0951), CLASS B1600+434 (hereafter B1600), PMN J2004-1349 (hereafter PMN2004), and CLASS B2114+022 (hereafter B2114), no evidence of a complex environment has been found previously.
It is not yet clear how representative these twelve systems are of all lens environments. This sample includes all eight lenses analyzed spectroscopically in M06, four of which were targeted there because they had known groups or good evidence for external shear. We use no information about environment to select the other four lenses in the present sample. −1 kpc ∼ 3 ′ , of any groups that may be present around the lens galaxies, in addition to all other massive structures that may affect the lens potential (see M06).
We imaged each field with the "nearly Mould" I filter, and with either Harris V or Harris R, with the choice of bluer filter based upon the location of the 4000Å break at the lens galaxy redshift. We changed from V to R for z lens ≥ 0.35, approximately the redshift at which the 4000Å break enters the R filter.
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In order to fill the gaps between the CCDs in the Mosaic cameras, we dithered the exposures. During the 2002 runs, no specific dither pattern was used; in subsequent runs we used a five-point dither pattern. We based our exposure times in 2002 (∼ 1800 sec in R and I) on those necessary to obtain S/N= 5 at I ≈ 21.5. Subsequently, we found this signal-to-noise to be insufficient for stargalaxy separation for I 21, and thus we increased the total exposure times to 2400-2700 secs. We split the 2002 exposures into two 900 sec exposures in each band. This strategy proved less than ideal, as the signal-to-noise in the areas affected by the chip gaps was appreciably lower, some small gaps in areal coverage remained, and the Iband sky brightness was sufficiently high (∼11000 ADU) to fill the pixel wells to ∼30% capacity, appreciably reducing dynamic range. In subsequent observing runs, we split the total exposure time into 480 sec or 540 sec exposures. This improved strategy increased the signalto-noise in the chip gap regions and kept the sky levels at reasonable values.
Data Reduction
We reduced the data using the MSCRED package of IRAF.
3 Our data reduction closely followed the prescription used by the NOAO Deep Wide-Field Survey as outlined in the online notes by Jannuzi, Claver, & Valdes.
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In short, we combined each night's calibrations (bias frames, dome flats, and night-sky flats) and applied these to the science images. For KPNO data, we also created a map of the "pupil-ghost" image and subtracted this from each frame. For each night's I-band data, we created, scaled, and subtracted fringing maps from each frame. At this point, we used coordinates from the Guide Star Catalog 2 to refine the image world coordinate systems.
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The images were projected onto the tangent plane and then stacked using 3σ clipping. Unlike the Deep WideField Survey reduction routine, we did not remove cosmic rays in a separate step, as the σ clipping removed the vast majority of hits. We also did not fit and remove sky gradients prior to the image stacking, as the resulting stacked images were generally cosmetically better without the sky removal. We set pixels in the final stacked image that had no good values (i.e., unobserved regions, saturated pixels, and bleed trails) to an arbitrary, high value for ease of flagging in the analysis.
2 We have since modified this strategy such that our ongoing survey now uses V out to z lens = 0.5, as the V filter gives better redshift resolution than the R filter out to these larger redshifts. However, in the present paper, the R − I color proves sufficient to identify groups for 0.35 ≤ z lens ≤ 0.5, both local to the lens and projected along the line-of-sight, as shown in §3.2.
3 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
4 http://www.noao.edu/noao/noaodeep/ReductionOpt/frames.html 5 The Guide Star Catalog was produced at the Space Telescope Science Institute under U.S. Government grant. These data are based on photographic data obtained using the Oschin Schmidt Telescope on Palomar Mountain and the UK Schmidt Telescope. 
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Using the image in the best-seeing band (usually I) as a reference, we shifted and scaled the stacked images for a given field with the IRAF geotran task. We convolved the best-seeing image with a Gaussian kernel to degrade the seeing to that of the other band.
Total magnitudes are Kron (1980) magnitudes given by the SExtractor MAG AUTO measured from the unconvolved I-band image. We measured galaxy colors via aperture magnitudes in the matched-seeing images. We selected the aperture size to be a 6.1 kpc physical radius, equivalent to 5 pixels (= 1.
′′ 3) for a z = 0.5 galaxy. This aperture corresponds to the full width-half maximum (FWHM) of the point-spread function (PSF) in the worst-seeing lens field in this sample.
Star-galaxy separation -We tested three methods for star-galaxy separation: (1) the stellarity index output by SExtractor, which compares observed profiles with an input FWHM value using a neural network algorithm, (2) χ 2 measurements output by DAOphot (Stetson 1987) , which are based on the goodness-of-fit of a model PSF, and (3) the difference in aperture magnitudes between two concentric apertures, with radii approximately equal to the FWHM and twice the FWHM. The last of these methods is motivated by the fact that point sources have a universal PSF and thus should have a constant difference in aperture magnitudes, while extended objects (galaxies) should not. We inserted artificial stars and galaxies into the PG1115+080 field using the IRAF artdata routine, recovered these objects with SExtractor, and performed star-galaxy separation using each of the three methods.
The DAOphot analysis performed worst at star-galaxy separation due to the known high-frequency variations in the Mosaic PSF.
6 The other two methods worked comparably well over a wide range of parameters, but the aperture method was able to go slightly fainter.
The SExtractor stellarity index is a continuous parameter running from 1 for point sources to 0 for obviously extended sources, with intermediate values indicating various degrees of ambiguity. This parameter has two main drawbacks. First, it is quite sensitive to the input value of the FWHM for faint objects. Second, the value of the stellarity index corresponding to the dividing line between stars and galaxies is ill-defined. The division between stars and galaxies is subjective, and many different cuts exist in the literature.
The concentric-aperture method is illustrated in Figure 1. This method was robust over a large magnitude range, though it failed at bright magnitudes due to an ambiguity between bright extended objects and saturated stars. Although SExtractor output saturation flags, some saturated stars failed to be flagged. Therefore, we classified by eye all non-flagged objects brighter than the magnitude at which saturation set in. For most fields, this involved fewer than a dozen objects. Due to its superior ability to identify unresolved objects, we therefore used the concentric-aperture method for star-galaxy separation.
Calibrations
We calibrated our data obtained on photometric nights to the Kron-Cousins filter set using Mosaic images of Landolt standard fields (Landolt 1992 ). We performed multiple-aperture photometry of photometric standards using DAOphot. Aperture corrections to infinity were calculated using the profile fitting routine DAOgrow. We assumed color transformations of the form:
(1)
where v, r, and i are the instrumental magnitudes and X is the airmass. In a few cases, depending on the bands observed during a night, the color term used in Eqn. 1 was B −V , and the color term used in Eqn. 3 was R − I; these are noted in Table 3 . We assumed extinction values of a 2 = 0.15, b 2 = 0.10, and c 2 = 0.07 magnitudes per unit airmass for the Kitt Peak data (Massey et al. 2002) , as we lacked sufficient standard star observations to determine these values. We were able to calculate extinction coefficients for each night of CTIO data. We determined color terms a 1 , b 1 and c 1 for each telescope run and made no attempt to account for known, small (millimag) chip-to-chip variations in color terms. The zero points a 0 , b 0 and c 0 were determined individually for each night. The adopted photometric coefficients are given in Table 3 . We applied the zero points and extinction coefficients to calibrate the galaxy photometry and colors but did not apply the color terms. The color terms derived above are for stellar spectral energy distributions (SEDs), which are roughly blackbody SEDs spanning a range of temperatures. The application of these color terms to colors of redshifted stellar systems was not appropriate, and at present we do not have calibrated spectrophotometry of any of our targets to determine empirical color terms for these galaxies. If we assume that these color terms are similar in size to those in Table 3 , then the systematic errors we introduced into the colors would be on the order of 0.1 to 0.2 mags, similar to the size of the random errors ( §2.5). For galaxies with similar spectral energy distributions at a similar redshift, such as those in the red sequence ( §3.1), the systematic offset is the same for each galaxy and will not affect the detection of the red sequence. Therefore, we simply acknowledge that no color term correction has been applied to the photometry, likely introducing some small systematics into the derived colors ( 0.1 mags) and into the photometrybased group redshifts.
In the cases where fields were imaged on nonphotometric nights, we obtained short calibration exposures of the fields on later photometric nights. We derived local standard stars in each field using aperture photometry, including appropriate aperture corrections. From these local standards we determined zero points, which include the atmospheric extinction implicitly, for each field. The fields calibrated in this manner, and the photometric nights used for calibration, are indicated in Table 1 .
Special calibration steps were required for the Vband imaging of PG1115, for which we failed to obtain an image during a photometric night. Our attempts to calibrate the field with archival HST and archival CFHT data failed due to a lack of common unsaturated stars between the archival data and our field. Luckily, the PG1115 field was included in the Third Data Release of the Sloan Digital Sky Survey (SDSS DR3, Abazajian et al. 2005) . 7 We retrieved PSF magnitudes for all stellar objects within a 15 ′ radius of PG1115 from 7 Funding for the Sloan Digital Sky Survey (SDSS) has been provided by the Alfred P. Sloan Foundation, the Participating Institutions, the National Aeronautics and Space Administration, the SDSS DR3 database. We transformed these magnitudes to UBVR C I C using the observed transformations given in Smith et al. (2002) ; we then used these magnitudes as local standards in our V and I images. The resulting zero-points were a 0 = 25.390 ± 0.018 for the V -band and c 0 = 24.947 ± 0.052 for the I-band. The I-band zero point was consistent with that derived from the Landolt standards, giving us confidence that the Vband calibration was accurate.
Completeness and Photometric Accuracy
We determined the completeness and photometric accuracy of the observations via artificial galaxy tests. Artificial galaxies were placed at random locations in the field, with additional artificial galaxies placed at random within r vir ≡ 500h −1 kpc of the lens galaxy. The input galaxy colors were chosen to match those expected for an early-type galaxy at the lens redshift (see Appendix A). The input magnitudes were distributed randomly and equally between I * − 2 and I = 22.5, where I * is the observed apparent I magnitude of an L * galaxy located at z lens (see Appendix A). For the lenses in this paper, 17.40 ≤ I * ≤ 19.26. This range includes the bulk of the galaxies in our photometric catalog.
Galaxy luminosity profiles were de Vaucouleurs (r 1/4 ) profiles convolved with a Gaussian kernel whose FWHM matched that measured in the image. We calculated an the National Science Foundation, the U.S. Department of Energy, the Japanese Monbukagakusho, and the Max Planck Society. The SDSS Web site is http://www.sdss.org/.
effective radius from the Kormendy relation
where R e is the effective radius in kpc and µ e is the average surface brightness interior to R e in units of magnitudes per square arcsecond (Kormendy 1977) . By definition, the total light within R e is half of the total galaxy luminosity, so µ e = 2.5 log(2π) + 5 log(r e ) + m T ,
where r e is the effective radius in units of arcseconds and m T is the total apparent magnitude of the galaxy. Combining these two equations, setting β = 3 (the approximate value from La Barbera et al. 2003) , and solving for log R e , we get
where θ kpc is the angle (in arcseconds) subtended by 1 kpc at the lens galaxy redshift. For α, La Barbera et al. (2003) give a rest-frame V -band value of
where A V is the V -band extinction. We converted this value to the observed I-band with a K-correction computed with the synphot tools in IRAF's stsdas package, using the E/S0 spectrum from Coleman et al. (1980) . We also applied Galactic reddening corrections interpolated from the Schlegel et al. (1998) maps using the reddening curve of Rieke & Lebofsky (1985) . We inserted the resulting artificial galaxies into each lens field and recovered them using SExtractor. Each run included 365 artificial galaxies: 350 randomly scattered throughout the field and an additional 15 within r vir of the lens. We considered an artificial galaxy recovered if its centroid was within 2.5 pixels and its I magnitude and color were within 1.0 mag of the input values. Fifty runs were performed in each lens field to build up statistics.
We plot the results from the artificial galaxy tests in a typical field (B1422) in Figure 2 . Two systematic issues are readily observed. The recovered galaxy magnitudes consistently underestimated the flux, the effect being greatest for the brightest galaxies. This underestimate is due to the low surface brightness outer regions of an elliptical galaxy not being detected by SExtractor. The effect is strongest at bright luminosities because intrinsically bright ellipticals have the most diffuse surface brightness profiles. The net effect is to amplify the number of galaxies around I * and suppress the number of galaxies brighter than ∼ I * − 1. For galaxies in these magnitude ranges, another method of measuring magnitudes (such as profile fitting) is necessary to accurately determine the total luminosity. Nevertheless, we did not attempt to correct the photometric catalog for these systematic magnitude offsets for two reasons. First, our method of measuring magnitudes is in common use; correcting to total magnitudes would hinder comparisons with other samples. Second, the exact offset depends on the input galaxy luminosity profile. Our tests were limited to bulge-dominated galaxies, so we could not estimate the corrections for disk-dominated galaxies. In future work we will perform detailed profile fits to the galaxies near the lens systems to address this systematic effect carefully.
For the brightest bins in the figure, the completeness is low because the central regions of bright galaxies are flagged as saturated. In order to determine if this saturation affects our results, we visually inspect objects flagged as saturated in a subset of the fields. While a handful of bright galaxies in each field are flagged as saturated, in no case are the flagged galaxies potential group members; these galaxies are either more than several arcminutes from the lens or obviously foreground, with magnitudes significantly brighter and physical extents significantly larger than any other galaxy near the lens.
Given that galaxies in groups tend to be clustered, we test whether crowding (i.e., the blending of overlapping galaxies) could be a significant source of incompleteness in our data. Overall, we find that the completeness within r vir of the lens is similar to that in the remainder of the field. In some fields, such as B1422 (Figure 2 ), we find the completeness within r vir of the lens is slightly higher than in the field as a whole. In other fields the completeness is slightly lower. These small completeness variations are most likely due to statistical fluctuations resulting from the smaller number of artificial galaxies used to calculate the completeness in the relatively small area surrounding the lens as compared to the much larger area of the complete Mosaic field. We therefore conclude that crowding is not an issue in our data.
Given the uncertainties in the model galaxies, the (ignored) scatter in the Kormendy relation, and the fact that the input artificial galaxies are solely early-type galaxies at a fixed redshift, the completeness is not necessarily valid outside the red sequence and is subject to uncertain systematics. However, the observed field-tofield stability of the completeness, despite differing lens redshifts, seeing, and field depth, suggests that our completeness calculations are relatively robust.
IDENTIFYING GROUPS AND CANDIDATE GROUP MEMBERS
Due to the morphology-density relation, the early-type fraction is higher in overdense regions like groups and clusters of galaxies than elsewhere. In such cases, one observes a "red sequence" (RS) of elliptical and S0 galaxies in the color-magnitude diagram (CMD) of galaxies in the region. The RS forms the basis for our successful two-band photometric detection of galaxy groups and clusters.
Our RS detection algorithm is a modified version of that presented by Gladders & Yee (2000) . Their algorithm searches color and astrometric space for localized enhancements of early-type galaxies at similar redshifts and has proven successful in locating group-mass structures over a wide range in redshift using data from optical imaging surveys. As our survey is targeted toward the immediate environment of lenses, we do not need to include the spatial filtering in our selection. The other major difference between our algorithm and that of Gladders & Yee (2000) is that we include human interaction in the selection process. While this introduces a hard-to-quantify bias into the resulting group sample, it enables us to detect less-massive groups (σ 300 km s −1 ). As shown in §3.3, the resulting group catalog is nearly complete with few false detections, suggesting that any bias introduced by the human interaction is small.
Group Detection
Our basic RS detection algorithm is as follows. First we search within r vir of the lens galaxy for an excess of galaxies with similar colors above the measured background color distribution. We fit an RS to these galaxies, and calculate the projected spatial centroid of the candidate group. Using the RS fit and centroid, we repeat this search to ensure that the group is not spurious and to refine the RS parameters and centroid measurement. We continue the iterative process until the changes in the centroid and the RS parameters are within the calculated errors. The first time we apply this algorithm to a field, we focus on galaxy colors near that of an earlytype galaxy at the lens redshift, z lens . We then search for line-of-sight groups by repeating the algorithm until we have investigated all peaks in the initial color distribution.
We assume an RS of the form
where β V is the slope of the RS, and (V − I) * is the unreddened observed V − I color of an L * galaxy at the lens redshift. For fields with R-band imaging, we use this same relation with V replaced by R. We allow both the RS slope β V and the group redshift, which determines I * and (V − I) * , to vary freely. We calculate the initial (V − I) * and I * from the galaxy models described in Appendix A and the known z lens . The RS slope has been found to have values around B1422). The top panel shows the number of artificial galaxies (over all 50 runs) as a function of input total magnitude for all galaxies (heavy solid line) and all recovered galaxies (dotted line), as well as the number of recovered galaxies as a function of measured magnitude (dashed line). The second panel shows the completeness as a function of input total magnitude for the entire image (heavy solid line) and the region within a 500h −1 kpc projected radius of the lens (dashed line). The third panel shows the mean difference between the total magnitude and the measured magnitude as a function of total magnitude; error bars give the 1σ deviation about the mean. The bottom panel shows the mean difference between the input and measured aperture colors as a function of total magnitude; error bars are the 1σ deviation about the mean.
McIntosh et al. 2005)
. Because the color-magnitude relation is difficult to model properly, and because our bandpasses do not correspond exactly to rest-frame U and V , it does not necessarily follow that this slope can be directly compared with the V − I or R − I slopes of the groups in this paper. However, we show in §4.1.1 that the actual fit slopes from our sample are indistinguishable from this value. We therefore initially set β V = 0.08. Although this could bias the final fit slopes, we show in §3.2 that we can recover the correct RS slope even if this initial assumed value is incorrect.
For the first iteration of our RS search, we limit the search to within r vir (= 500h −1 kpc) of the lens galaxy. This radius is large enough (∼ 2 ′ -3 ′ ) to include most of the line-of-sight structures that could impact lens models (see M06). It is possible that a massive galaxy cluster could lie outside this radius and still alter the lens potential, so we estimate the fraction of lenses affected by such a cluster as follows. We consider a lens model perturbation significant if the convergence κ ≥ 0.05. From Eqn. A20 in M06, we find that the maximum impact parameter b max that a cluster can have and significantly impact the lens model is b max = 4.8×10 −6 σ 2 , where b max is in arcminutes and σ is the cluster velocity dispersion in km s −1 . This conservatively assumes that the cluster is at the lens redshift; for clusters at other redshifts, b max will be smaller. For a galaxy cluster with σ ∼ 750 km s −1 , the median velocity dispersion for rich Abell clusters (Zabludoff, Huchra, & Geller 1990), b max ≈ 3 ′ -close to the radius within which we search anyway. The surface density of galaxy clusters is ∼ 11 per sq. degree (Gonzalez et al. 2001, 0 .3 z cluster 0.9, correcting for their 30% false detection rate). On average, this results in 0.07 galaxy clusters within b max . We consider this to be an upper limit, given that we are already searching for groups and clusters out to a significant fraction of b max and that b max is smaller if there is any redshift difference between the cluster and the lens. We therefore conclude it is unlikely that any significant perturbing structures lie outside our search radius.
We correct galaxy magnitudes for interstellar extinction and reddening using standard Galactic extinction (Rieke & Lebofsky 1985) with R V = 3.1 and extinctions from Schlegel et al. (1998) obtained from the NASA Extragalactic Database.
8 We do not attempt any corrections for differential Galactic extinction across the field; any variations within r vir of the lens are likely to be negligible at the Galactic latitudes of these lenses. As is common practice, extinction-corrected magnitudes and colors are denoted by the subscript "0."
To account for the slope of the RS, we define an "effective color" for each galaxy:
This represents the color each galaxy would have if it resided on the RS and had an apparent magnitude I = I * . This definition is useful because all RS galaxies in a group should have the same effective color. Hence, we can identify RSs as peaks in a histogram of effective color, providing an efficient way of searching for groups of early-type galaxies. The search for peaks in the effective color histograms is also adept at identifying groups with high late-type fractions, as blue galaxies in a group will all have roughly similar colors, although in the absence of morphological or spectroscopic data to classify the galaxies as late-types, the derived redshift of the group will be incorrect (see §3.2). We compute effective color histograms for galaxies within r vir of the lens galaxy, as well as for all galaxies in the image (normalized to the area within r vir ). The number density of field galaxies as a function of apparent magnitude has a steeper slope than typical group luminosity functions (e.g., Lin et al. 1999; Gladders & Yee 2000) , so it is possible to choose a magnitude limit that maximizes the contrast between the RS and the field galaxy distribution. This magnitude limit will vary from field to field depending on the richness of the group and statistical fluctuations in the number of background galaxies. Our empirical testing finds that, in most cases, the best contrast between the group and the field is achieved for a limiting magnitude of I ≈ I * + 2.5. We therefore consider only galaxies brighter than I * + 2.5 throughout this algorithm.
We visually examine the effective histograms for an excess of galaxies of a similar effective colors relative to the normalized field background, an indication of a possible group. We select all galaxies within a distance ∆(V −I) eff of the peak in the effective color histogram as candidate RS galaxies. We take ∆(V − I) eff to be the larger of the photometric color error and 0.05 mags, the typical RS scatter in the literature (e.g., Bower et al. 1992; McIntosh et al. 2005) . The photometric color errors are typically larger than the intrinsic scatter for I 21.
We use linear regression to fit a linear RS to the selected galaxies brighter than I * + 2.5, thereby refining the RS slope β V and intercept. From this fit we determine the new values of (V − I) * , I * , and the RS redshift z RS based on the early-type galaxy photometric models (Appendix A). As discussed in Appendix A, we note that changes in the assumed normalization of I * results in systematic changes in z RS , though for the range of published values of L * , this bias is ∆z RS ≤ 0.02. We also calculate the raw and luminosity-weighted group centroids of the RS galaxies.
At this point, we can either accept or reject the new parameter values and then choose whether another iteration should be performed. Changes in redshift cause the projected angular size of r vir to be recomputed, and changes in the centroids adjust the area of sky in which galaxies are examined. The iterative process continues until the change in the RS redshift between iterations is less than ∆z RS = 0.02 and the shift in the centroid is less than 1σ. If multiple peaks in the color distribution are observed, we repeat the entire process on each potential RS. For the purpose of this paper, we define "significant" candidate RSs as those with at least three selected galaxies above the averaged background persisting for at least two iterations, criteria that produce the best results in tests with mock groups (see §3.2).
An example of this process applied to the lens B1422 is shown in Figure 3 . We see an RS of galaxies at V − I ≈ 1.9, roughly the effective color of early-type galaxies at z lens and also the approximate color of the lens galaxy. At brighter magnitudes, the group luminosity function clearly dominates that of the field. A map of the galaxies in this range (Fig. 3c) shows that the collection of bright galaxies, and therefore the group, is nearly centered on the lens galaxy and is elongated. This figure shows that our group detection algorithm is capable of detecting physical groups and constraining the group redshift, richness, centroid, and shape. We note that some of the bright galaxies in the selected RS may not be group members but rather higher-redshift blue galaxies. In the future, we will also perform a morphological analysis, which should separate background disk-dominated galaxies from the early-type RS group members. For now, we make two tests of the algorithm, one using simulated groups of galaxies ( §3.2), the other using spectroscopy of eight of the twelve lens fields to verify RS membership ( §3.3).
Testing the Algorithm: Simulated Data
We test our RS search algorithm by inserting mock galaxy groups into each field's galaxy catalog. We construct mock photometric groups from empirical luminosity functions. The early-type fraction and number of bright group galaxies are readily modified to simulate galaxy groups of different richnesses. The precise luminosity function does not significantly affect the success of the algorithm.
We begin by creating a mock group galaxy catalog designed to cover a range of redshifts (z = 0.2, 0.4, 0.6), early-type fractions (f e = 0.0, 0.5, 1.0), RS slopes (β V =0.05, 0.10, 0.15), and richnesses. We define the mock group richness by the number of galaxies brighter than I * + 2, and our mock groups are designed to have richnesses of 4, 8, or 16. A richness of 4 corresponds to Local Group analogues. We derive cumulative luminosity functions from the empirical group luminosity functions presented in Zabludoff & Mulchaey (2000) to determine that richnesses of 8 and 16 correspond to velocity dispersions of σ v ∼ 300 km s −1 and σ v ∼ 500 km s −1 , respectively, though there is significant scatter in this relation.
We select the luminosity function for each group from the empirical luminosity functions derived from GEMS data (Miles et al. 2004) . That study presents different luminosity functions for X-ray bright (L x ≥ 10 41.7 erg s −1 ) and X-ray faint/undetected groups. This luminosity break corresponds to a velocity dispersion of ∼ 200 km s −1 ), so we use the GEMS empirical X-ray faint luminosity function for groups with richness 4 and the X-ray bright luminosity function for groups with richness 8 or 16.
We assign each mock galaxy an I magnitude drawn randomly from a distribution defined by the appropriate luminosity function. We then label each galaxy an early-or late-type with a probability based on the input early-type fraction (f e ). Late-type galaxies are further divided with equal probability into Sa, Sb, and Sc types. We assign colors based on the appropriate photometric model (Appendix A) for the assigned morphology, and, for early-types, we place the galaxy on the RS with a selected RS slope between β V = 0.05 and 0.15. We add Gaussian scatter of σ V −I = 0.05 mag, similar to the observed scatter in other RS studies, to each mock galaxy's color. We also add additional scatter to the I magnitude and color of each galaxy to simulate the photometric er-rors based on the photometric accuracy determined from the artificial galaxy tests ( §2.5).
We now need to assign positional data to each galaxy. To simulate the foreground and background galaxies in the field, we assign the cataloged galaxies random x-and y-positions in the B1422 field (chosen to be a representative lens field), thereby mixing any actual galaxy groups and clusters into the field galaxy population. We assume that all mock group galaxies lie within r vir of the lens, and we assign these galaxies positions drawn randomly from a 2-dimensional Gaussian density function centered on the lens position. We then run the group finding algorithm on the combined catalog. We consider a mock group to be recovered if we find a candidate RS with an effective color within 0.2 of the input group's color, a value similar to our input color errors. This criterion prevents the detection of spurious groups, i.e., those containing none of the input mock galaxies. We make an exception to this criterion if the group has a high late-type fraction, in which case there often is a false RS created by having many blue galaxies with similar colors. In this circumstance, the group is considered recovered despite having an effective color >0.2 mag bluer than that of a true RS at the group redshift. In group catalogs based on our actual data, groups with high late-type fractions would be labeled line-of-sight groups.
Our knowledge of the mock group color could potentially bias the group finding algorithm toward detection of the mock group. However, we also know the redshifts (and therefore expected RS colors) of the lenses in the present sample, so any bias for detecting groups at z lens and the mock groups is the same. The small number of interloping groups identified from spectroscopy that are undetected photometrically (see §3.3) argues that this bias is also small for line-of-sight group detection. The results of the simulations are given in Table 4 .
These tests indicate that we can detect rich groups via our detection algorithm out to the highest lens redshifts in our sample, independent of f e . Groups with velocity dispersions of ∼300 km s −1 are detectable out to z ≈ 0.4, although by z = 0.6 the detection rate is quite low ( 50%). Local Group analogs are detectable at the ∼50% level at low redshifts (z = 0.2) if f e is close to one or to zero, although the former case is unlikely to occur given that the early-type fractions of the poorest groups are small . The detection rate of the Local Group analogues at z ≥ 0.4 is consistent with the false-detection rate (see below). We are therefore confident that we can reliably detect the majority of galaxy groups with velocity dispersions 200-300 km s −1 out to z = 0.4. We can detect poorer groups out to z ≈ 0.2.
From the simulations we learn that, in the absence of morphological information, the fit RS colors are systematically bluer than the input value. The reason is that some late-type galaxies (typically Sa's) are included in the sample when the RS is fit. For systems with f e near 1, the error is small. In the groups with low f e , we observe a broad peak in the effective color distribution due to the late-type galaxies, and the estimated group redshift is biased low (the magnitude of this bias is redshift dependent). We could lessen this systematic effect by including morphological information in our galaxy selection; in future work we will use galaxy profile fitting software (e.g., GIM2D; Simard et al. 2002) to reject diskdominated systems from the sample used to fit the RS. Even without this morphological information, we determine group redshifts with reasonable accuracy (see §3.3).
We note that the individual fit RS slopes are very noisy and imprecise, although the ensemble average is relatively accurate. For groups with f e ≈ 1, the individual slope measurements are much more accurate (Table 4) . This suggests that the accuracy of the slope determinations would be greatly improved by using morphological data to exclude late-type galaxies from the RS fit.
Finally, we note that the measured scatter about the RS is not a reliable measure of the input scatter. For groups with I * + 2.5 20 (z > 0.25), the photometric color errors dominate the RS scatter. By contrast, for groups with few RS members, the paucity of red sequence galaxies results in an artificially low scatter. Only for richness 16 groups at low redshifts (z ≤ 0.25) is the recovered scatter comparable to the input scatter.
False positives -To determine the rate of false positives, we run the group-finding algorithm on two lens fields, B1422 (for V − I) and MG0751 (for R − I). We assign each galaxy in the photometric catalog a new, random position in the field, thereby washing out any true groups and clusters. We then search for peaks in the effective color histogram, both within 0.05 mags of the lens galaxy color (the typical scatter about the input color in the mock RSs), simulating false positive detections of lens groups, and at other colors, simulating false line-ofsight structures. Fifty such runs are performed in each field.
For the V − I data, we record only two (i.e., 4%) false positive detections of lens galaxy groups and eight (16%) false positive line-of-sight groups. For the R − I data, 12 fields (24%) have false positive lens galaxy groups, and six (12%) have false positive line-of-sight groups. The higher number of false positives in the R − I data arises mainly from the smaller color range spanned by the catalog galaxies (∼2 mags, compared to ∼4 mags in V − I). Each color bin therefore contains more field galaxies, and the Poisson fluctuations often exceed the group threshold. The rate of false positive lens groups in the MG0751 field is also enhanced by the fact that the expected RS color at z lens (R − I = 0.91) lies near the peak of the field galaxy color distribution, so shot noise from the field population is even larger. This latter problem vanishes for R-band lens fields where (R − I) * 1, or z lens 0.45, as the field density of galaxies at these colors is much lower.
As a whole, false positives are not a serious concern for the lenses in our sample with V band imaging. For lenses with R-band imaging, we need to account for the false positive rate, especially for lower-redshift lenses where the R − I colors are similar to that of the majority of background galaxies. As will be shown in §4.1.1, these false positives have a minimal impact on our conclusions.
Testing the Algorithm: Spectroscopic Confirmation
The ultimate test of the group finding algorithm is whether the candidate groups can be confirmed as real, bound systems. We have obtained spectroscopic redshifts of ∼ 100 galaxies in each of eight lens fields (MG0751, BRI0952, PG1115, B1422, MG1654, PMN2004, B2114, and HE2149); the identification of bound systems and the analysis of their impact on lens- Note.
-(1) Redshift of input group (2) Early-type fraction of input group (3) Number of input galaxies brighter than I * + 2 (4) Input RS slope (5) Number of mock groups recovered (6) Mean number of recovered galaxies in RS (7) Mean recovered RS slope (8) Mean offset of RS effective color from input effective color (9) Mean scatter about fit RS ing are discussed in M06. The group-finding algorithm detects eleven groups in these eight fields, both at z lens and elsewhere along the line of sight. Overall, the group finding algorithm works exceptionally well, with ten of the eleven candidate groups confirmed spectroscopically (Table 5 ). The lone exception is the RS at z RS = 0.20 in the foreground of the PG1115 lens. While Figure 3 in M06 shows a potential peak at this redshift, there are too few velocities to determine if the peak is real. We also do not recover two spectroscopic line-of-sight groups in our photometry. The spectroscopic group in B1422 at z = 0.28 is blended with the lens group RS in color space, while the HE2149 group at z = 0.27 simply is not detected.
The photometric redshifts tend to be slightly lower than the spectroscopic redshifts (∆z = −0.02 ± 0.04), because the group finding algorithm tends to return colors that are slightly bluer than the true RS, as discussed in §3.2. This offset is small, which shows that our photometric group finding algorithm obtains reliable redshifts for detected groups of galaxies. Figure 4 shows the spectroscopic group members and non-members in comparison with the fit RS for B1422. The fit RS agrees with the red edge of the envelope defined by the group members. Figure 5 shows the spectroscopic group members and fit RSs for both the lens group and a background group in PG1115. The background group in PG1115 has a significantly higher spectroscopic redshift (z sp = 0.486) than the photometric RS redshift (z RS = 0.41), suggesting that this group may have a low f e ; indeed, M06 find that six of the ten confirmed group members have emission lines. Both of these figures illustrate the success of our RS finding technique.
We define a red-sequence richness parameter N RS to be the number of selected RS galaxies brighter than I * + 2.5 over and above the normalized background. With twoband photometry alone, this is the best richness measure we can make. We compare N RS with the measured velocity dispersions from M06. Contrary to expectations, we find no significant correlation. The explanation may be that variable early-type fractions and statistical background noise add significant scatter (see also the large (Shectman et al. 1996) CLASS B1422+231 scatter in N * 666 versus σ for 2MASS galaxy clusters with σ 500 km s −1 ; Kochanek et al. 2003) . The full sample of groups from our complete survey will overcome this issue by spanning a much larger dynamic range, making the comparison between N RS and σ more meaningful. Open triangles (center and bottom panels) indicate the candidate RS member galaxies for the background group; filled triangles (bottom panel) indicate spectroscopic members of the background group. The dashed line indicates the fit RS for the background group. This figure illustrates the ability of the red-sequence finding algorithm to detect multiple groups in a given field.
RESULTS AND DISCUSSION
The Detected Red Sequence Sample
In total, eighteen significant candidate RSs are detected in twelve lens fields in the present sample. The fit RS parameters are presented in Table 5 , and the photometry of the selected galaxies is presented in Table 6 (available electronically).
Although some final centroids lie outside r vir of the (2) The IAU-approved naming convention for individual galaxies is: Lens Name: MWKZ GAL NNNN, where NNNN is the galaxy ID above; e.g., B0712+472: MWKZ GAL 8471. (3) Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds (J2000.0).
lens, we initially detected each RS peak within r vir of the lens galaxy. It is certain that the wide-field images contain additional structures outside of this initial search radius; no attempt has been made so far to locate such structures.
The average RS slope, ∆(V −I)/I or ∆(R−I)/I, for all 18 candidate groups is 0.076±0.025. This scatter is comparable to that measured in the mock groups (Table 4) , so there is no evidence that the RS slope is anything but universal at these moderate redshifts. We note that these slopes are not corrected for redshift/evolutionary effects. Such a correction would require a detailed understanding of the origin of the RS and its redshift evolution.
The Fraction of Lenses in Complex Environments
Of the twelve lens systems in this paper, eight have significant red sequences within ∆z = 0.06 of the lens redshift. Of these systems, six were known or suspected previously to have a group at the lens redshift due to the need for shear in the lens models or to an overdensity of galaxies on the sky surrounding the lens. The two new systems are FBQS0951 (z RS = 0.27) and B2114 (z RS = 0.26); the B2114 group has been confirmed spectroscopically (M06). Figure 6 shows the CMDs for each of the twelve lens fields. In the cases where an RS is detected at the lens redshift, the fit RS and the selected RS galaxies are shown. Where no RS is detected at the lens redshift, a nominal RS for the lens redshift is shown with a slope of β V = 0.09. In many cases, the detected RS is not apparent to the unaided eye, but our spectroscopy has established that these are physical systems, showing the power of our algorithm. Figure 7 presents sky maps of galaxies in each of the eight detected RSs near z lens . In many cases, the galaxies appear to be clustered, as would be expected in a physical group. In a few cases, such as BRI0952, there appears to be little, if any clustering of galaxies, yet M06 do find a physical group around BRI0952 at the lens redshift.
The sky maps also show that the lens galaxy (indicated by a star at the origin in each plot) is not necessarily at the center of the group. Table 7 presents the raw and luminosity-weighted projected centroids for each candidate RS, plus (where available) the offset between the raw RS centroid and the centroid of spectroscopically confirmed group members from M06. For four of the six groups, the centroids agree to within 2σ, while for the other two (MG0751: MWKZ Group 1 and BRI0952: MWKZ Group 1), the photometric and spectroscopic centroids disagree. In these cases, the disagreement could be due to contamination of the photometric sample by non-member galaxies, to incompleteness in the spectroscopic sample, or to some combination of the two. We are analyzing additional spectroscopic data for these groups, which should improve the spectroscopic completeness and hence the centroid accuracy.
Among the eight lenses with an RS at the lens redshift, the lens galaxy position is within 1σ of the projected RS centroid for two systems, and within 3σ for two more. Stated another way, in four cases the lens galaxy is not consistent with lying at the centroid (even accounting for the centroid uncertainties). This strongly suggests that lenses do not necessarily occupy the center of the local mass distribution, which is an important realization for lens modeling (see §4.4 and M06).
The Fraction of Lenses with Line-of-Sight Structures
Seven of the twelve lens systems have RSs that are fore or aft of the lens along the line of sight; prior to this study, only one of these groups (B0712) was known to have a line-of-sight group, at z ≈ 0.29 (Fassnacht & Lubin 2002 ). This group is not detected here, although we do detect a background group at z ≈ 0.67. Two of the line-of-sight systems (MG0751: MWKZ Group 2 and RXJ1131: MWKZ Group 1) have very rich RSs indicative of a rich group or even a cluster of galaxies, while the remaining six are more suggestive of poor groups. Figure 8 shows the CMDs for all candidate line-ofsight groups. We observe a rich, tight RS in RXJ1131, indicative of a foreground cluster of galaxies; indeed, two of these galaxies have redshift measurements of z ≈ 0.10 from the Las Campanas Redshift Survey (Shectman et al. 1996) , and there is extended X-ray emission consistent with their position (C. Kochanek, private communication) . Some of the candidate RSs appear dubious, such as the background groups in MG0751 and HE2149. Once again, however, our spectroscopic follow-up confirms the existence of these groups.
Based on the simulations presented in §3.2, we expect Open diamonds show all galaxies within r vir (≡ 500h −1 kpc) of the group centroid (or of the lens galaxy for those lenses with no detected red sequence). Selected candidate red sequence galaxies are shown as filled diamonds, along with the best-fitting red sequence for galaxies with I ≤ I * + 2.5 (solid line). The lens galaxies are denoted by large, open stars. Asterisks indicate the location of an L * galaxy along the fit red sequence; open circles show the location of an L * galaxy at z lens . For the lenses with no detected red sequence (B0712, B1600, HE2149, and PMN2004), a dotted line indicates a nominal red sequence with a slope of 0.09 at z lens . Eight of the twelve lenses have a red sequence at the lens redshift.
about one false positive (either line-of-sight or at z lens ) among the five lens fields observed in the V -band and two to three false positives from the seven lens fields with R-band data.
Lens Galaxy Environments and Shear
It is interesting to consider whether observed lens galaxy environments can explain the external tidal shears required in lens models. Shear is created by an asymmetric distribution of mass around the lens galaxy; a simple way to get that is to have the lens galaxy offset from the centroid of the group. Historically, several attempts to compare the shear required by lens models with the distribution of galaxies within ∼ 140 kpc of the lens have yielded mixed results. In two quadrupleimage lenses (PG1115 and B1422), the model shear appears to be consistent with the distribution of galaxies near the lens (Hogg & Blandford 1994; Schechter et al. 1997; Kundić et al. 1997a; Kundic et al. 1997b ). In contrast, in the Einstein ring MG0751, the shear angle is not consistent with the immediate lens environment (Lehár et al. 1997 ) Also, in a sample of 10 double-image lenses, Lehár et al. (2000) do not find any strong correlation between model shears and close environments. We can improve upon the previous studies in three ways. First, we have obtained a larger sample of lens environments. Second, we have measured lens environments over a larger area on the sky. Third, we have identified enough group member galaxies to make a reliable measurement of the group centroid position. One limitation of our present analysis is that, without measured velocity dispersions, we cannot estimate the amplitude of the shear contributed by each lens environment. (See M06, for an analysis of shear amplitudes for a smaller sample of lenses.) Nevertheless, we can still The open star at each map's origin marks the lens position, and the error bars denote the positions of the unweighted red sequence centroids and their 1σ errors. The circle shows one projected group virial radius (≡ 500h −1 kpc) at the red sequence redshift centered on the group centroid. These maps show that, in many cases, the lens galaxy is not consistent with the group centroid and is not the brightest galaxy in the red sequence.
compare the shear position angle with the position angle of the group centroid (relative to the lens galaxy) and determine whether the observed environments are at least consistent with the model shears. Table 8 gives the position angles for the observed group centroid and the lens model shear, where available. In all six cases where both are available, the centroid and shear position angles are remarkably consistent (albeit with relatively large centroid errorbars in a few cases). Perhaps the most interesting system is MG0751: while the immediate lens environment cannot explain the model shear (Lehár et al. 1997) , we now see that the larger environment can. This example illustrates why it is important to observe lens environments over an area large enough to include the full virial extent of a group at the lens redshift. It will be interesting to reconsider this question in more detail, after measuring velocity dispersions so that we may estimate shear amplitudes as well as position angles, and after making new lens models of all the systems. Still, it is very encouraging to see new evidence that the observed lens environments can explain the shears required by lens models.
Lens Galaxy Magnitude Distribution
The sample of lenses allows us to examine the distribution of lens galaxy magnitudes. While bright (i.e., massive) galaxies have large lensing cross-sections, there are many more faint galaxies in groups (e.g., Keeton, Christlein, & Zabludoff 2000) . Taken together, these effects lead one to expect the typical lens to be ∼ L * (Kochanek et al. , 2001 , though it is still unclear how faint (and dwarf-like) lenses can be. In our sample, ten of the eleven lens galaxies with redshift mea- surements are fainter than I * (see Table 9 ). In order to determine whether our sample includes some unknown bias toward faint lenses (although one would expect that any bias would be toward bright, massive galaxies), we calculate the expected distribution of lens galaxy magnitudes based on theoretical expectations and a minimal number of reasonable assumptions. We then compare this theoretical distribution with the observed distribution in our sample and a larger sample of gravitational lens galaxies from Rusin et al. (2003) . Lensing's sensitivity to mass means that the distribution of lens galaxy magnitudes is not the same as the galaxy luminosity function. Nevertheless, it is straightforward to predict the magnitude distribution for lens galaxies (e.g., Fukugita & Turner 1991) . For a singular isothermal sphere lens model, the lensing probability F ∝ σ 4 l , where σ l is the velocity dispersion of the lensing galaxy (Fukugita & Turner 1991) . Assuming a FaberJackson relation L ∝ σ γFJ (Faber & Jackson 1976 ), we derive a lensing probability ∝ L 4/γFJ .
We begin with a Schechter luminosity function (Schechter 1976) ,
Factoring in the lensing probability, the probability for a lens galaxy to have a luminosity L is
We integrate this equation and normalize to a limiting luminosity L lim (thereby accounting for bias due to magnitude-limited surveys and non-converging functions) to get the cumulative probability for lens galaxy luminosities greater than L/L * ,
where Γ is the normalized incomplete gamma function. This equation is readily modified to I magnitudes using Lehár et al. 1997, (2) Lehár et al. 2000 , (3) Impey et al. 1998 , (4) Keeton, Gaudi, & Petters 2003 , (5) Kochanek 1995 Note. -Units of ∆α and ∆δ are arcseconds (J2000.0). PA measured East of North. Except for PG1115, shear PAs are defined modulo 180 degrees. L/L * = 10 −0.4(I−I * ) . Note that Eq. 12 is fully degenerate in α and γ FJ .
We compare two samples to this theoretical prediction. First, we use the nine lenses from the present sample that have early-type lens galaxies (we exclude the two spiral lenses B1600 and PMN2004 and the two-plane lens B2114). Second, we note that as this simple theoretical prediction does not explicitly involve environment, we can also compare it with the larger sample of early-type lens galaxies defined by Rusin et al. (2003) , who do not determine the environments of their lenses. The Rusin sample spans a larger redshift range than ours, so we use only the low-redshift systems (z lens < 0.6) with spectroscopic redshifts, a total of 12 lenses. Five of the nine lenses in our sample overlap with the Rusin sample.
We take observed F814W or F791W magnitudes from Rusin et al. (2003) or from the CASTLES web database, 9 convert to Cousins I, correct for Galactic ex- Fig. 6 . Ten line-of-sight lenses are found in seven (of twelve total) lens fields. Although to the naked eye many of these red sequences are not obvious, our spectroscopic observations of HE2149, MG0751, and PG1115 confirm the line-of-sight groups in HE2149 and MG0751 and the background group in PG1115 (Momcheva et al. 2006) . The low-z line-of-sight candidate in PG1115 was not detected spectroscopically. The apparently steeper red-sequence slopes for the lower four panels are due to the smaller vertical color range in R − I.
tinction, and calculate I − I * . For I * we again use our photometric models of early-type galaxies evaluated at the RS photometric redshift (if an RS exists) or at the lens spectroscopic redshift. For our lens sample, we use the photometric RS redshifts to insure consistency with our ongoing, larger lens sample, in which many lens spectroscopic redshifts will not be known. The use of RS photometric redshifts instead of spectroscopic redshifts resolved.
does not affect any of our conclusions here.
The cumulative distributions of observed lens galaxy magnitudes are shown in Figure 9 , along with predicted distributions for different values of α and γ FJ . Because our sample extends fainter than the Rusin sample (I lim − I * ≈ 3 versus 1.5, respectively), the two observed samples are plotted separately. There is, however, no significant difference between our sample and the Rusin low-redshift subsample: the Kolmogorov-Smirnov (KS) -Cumulative fraction of lens galaxy magnitudes compared with predicted distributions from Eqn. 12. Solid curves represent γ FJ = 4; dashed curves are for γ FJ = 3.3, as calculated in Rusin et al. (2003) . From left to right, curves are for faintend luminosity function slopes of α = −0.6 to − 1.8 in intervals of 0.3, with the middle value of −1.2 shown in bold. Top panel: Lens galaxies in this paper's sample (solid points), with theoretical curves normalized to I − I * = 3. Bottom panel: z lens ≤ 0.6 lens sample of Rusin et al. (2003) (open circles). The lens galaxy magnitude distribution in both samples is well-described by the theoretical models and reasonable values of γ FJ and α.
probability is P = 0.42. Both samples indicate that the median low-redshift, early-type lens galaxy has a magnitude I − I * ≈ 0.75, or a luminosity L ≈ 0.5L * . This median value is directly dependent on the value of I * ; as discussed in Appendix A, our normalization of I * is brighter by ∼ 1 magnitude than most modern surveys, so the median lens luminosity may well be closer to L * . Even allowing for this, fully half of the elliptical lens galaxies are fainter than L * , some significantly so (in particular, BRI0952 and MG0751 are 2 to 3 magnitudes fainter than I * , having L ∼ 0.1L * ).
The figure shows that there are values of α+4/γ FJ leading to theoretical predictions that match the data reasonably well. High values of α + 4/γ FJ are clearly inconsistent with the data: KS tests rule out α + 4/γ FJ −0.2 at the 2σ level (P ≤ 0.05). For reasonable Faber-Jackson slopes (γ FJ ∼ 3 to 4), this would suggest that the faintend luminosity function slope is steep, α −1.2. We note that any selection bias against small image separation lenses will tend to lessen the slope of the observed distribution in Figure 9 , as such a bias will be more pronounced in the less massive (and, by assumption, fainter) lenses. This potential bias, the degeneracy between α and γ FJ , and the uncertainty in the normalization in I * prevent us from drawing detailed conclusions here.
There are several important results from this exercise. On the observational side, the median lens galaxy luminosity is near or below L * , and the luminosity distribution is very broad. In other words, lens galaxies are not all massive, super-L * ellipticals; rather, they span a range of luminosities (and, presumably, masses) , extending down at least to ∼ 0.1L * . On the theoretical side, the observed luminosity distribution is consistent with simple models of a Schechter luminosity function weighted by the lensing probability, for reasonable values of α and γ FJ . The key conceptual point is that, while lensing selects galaxies by mass, dwarf galaxies are sufficiently common to comprise a moderate fraction of the lens galaxy sample.
Properties of the Brightest Red Sequence Galaxies
In the local universe, X-ray luminous groups of galaxies with σ 300 km s −1 contain a giant elliptical, the Brightest Group Galaxy or BGG , which occupies a unique position in the kinematic and projected spatial center of the group van den Bosch et al. 2005) . In this section we examine the BGGs in our group sample in order to determine whether any evolution in their properties can be observed. In two of three distant, high-σ (∼300-500 km s −1 ) groups, M06 found that the lack of a significant offset of the BGG from the group centroid is similar to that observed in nearby groups. Given the larger sample offered by this photometric study, we identify the BGG in each candidate group and examine its relation to the group centroid. As BGGs at low redshift are typically ellipticals, we assume here that the brightest galaxy on the selected RS (BRSG, for brightest red sequence galaxy) is the BGG.
The properties of the BRSG in each group are given in Table 10 . Only two lens galaxies, RXJ1131 and MG1654, are BRSGs. We also note that two BRSGs, those in B2114 Group 1 and HE2149 Group 4, are known not to be the BGG as their redshifts are inconsistent with group membership. The fraction of lens galaxies that are BRSGs is 0.25 (two lenses out of eight lens groups); M06 find a BGG fraction of 0.33 (two lenses out of six lens groups). These values compare favorably with the suggestion by Oguri (2006) than 50% of lens galaxies occupy the dominant halo, the remainder being "satellite" galaxies, or sub-halos within the overall group halo. This result is also not surprising in light of our conclusion in §4.3 that the lens galaxy is typically not a very luminous galaxy. Figure 10 compares the offset of each BRSG from the raw projected spatial RS centroid to the measured group velocity dispersion from M06. With one exception (MG0751), groups with σ 300 km s −1 have a BRSG near the group centroid, while none of the smaller-σ groups have a central BRSG. A Spearman rank correlation of σ and the centroid-BRSG offset also suggests a trend (the probability of no correlation is 0.14). Our data therefore intimate that there are dynamically evolved (i.e., virialized) groups with high σ and a central, dominant early-type member by z ∼ 0.5, groups whose properties are consistent with evolved (virialized) groups in the nearby Universe.
4.5. The Ratio of Quad to Double Lenses One unsolved puzzle in lensing studies is why there are so many quadruple-image lenses compared with double-image lenses Kochanek 1996b; Rusin & Tegmark 2001; Cohn & Kochanek 2004; Keeton & Zabludoff 2004 ). Highly-flattened lens galaxies are one way to obtain Fig. 10. -Offset of the brightest red-sequence galaxy (BRSG) from the red sequence centroid as a function of spectroscopic group velocity dispersion (from M06). Crosses represent BRSGs known not to be the brightest group galaxy (see Table 10 ). The dotted box indicates the maximum spatial offset of BGGs in groups with σgroup > 300 km s −1 in the local Universe . As in the local Universe, higher velocity dispersion groups have a BGG near the group centroid, while lower velocity dispersion groups groups do not.
the seemingly high numbers of quad lenses; another possibility is the presence of a large tidal shear from mass near the lens galaxy or along the line-of-sight. In this latter scenario, quad lenses might be expected to be located preferentially in complex environments or along cluttered lines of sight. Indeed, M06 note that in a sample of eight lenses, both of the quad lenses and the one quad/ring lens are in relatively massive groups, while another ring and two of the doubles are in poorer groups, and the other two doubles have no groups around the lens galaxies.
Photometrically, we find some weak evidence that quad lenses may have more complex environments than double lenses. Three of the four quad lenses and all three "other" lenses have associated RSs, while only two of the five double-image lenses have RSs. However, this difference is not statistically significant; larger samples are needed to make any definitive statement. The lack of strong evidence for a difference between quad and double lens environments contrasts with our findings in M06. The difference may simply reflect small number statistics. A more likely explanation is that the results in M06 were based on detailed calculations of the convergence and shear due to each lens environment -calculations we cannot make in this paper because we do not know the true memberships and velocity dispersions for all of our groups. Our complete lens sample will enable us to reexamine any connections between image number and environment that may be hidden in the noise of our current sample.
We find no correlation between the number of lensed images and the presence/absence of line-of-sight structures. Three of the four quads, three of the five doubles, and two of the three "others" have at least one line-ofsight structure identified photometrically. Again we need more data to draw a strong conclusion about any possible relation.
CONCLUSIONS
We have presented the first results from an ongoing wide-field imaging survey of ∼ 80 strong gravitational lens systems. We use a modified version of the Gladders & Yee (2000) group-finding algorithm to locate potential red sequences, both at the lens redshift and along the line-of-sight, in the fields of twelve lenses. This modified algorithm is capable of detecting σ 200 − 300 km s −1 poor groups out to z ≈ 0.4, and higher-σ groups out to higher redshifts with a low rate of false positives and reasonable completeness.
We draw the following conclusions:
• Most gravitational lenses lie in complex environments. For this sample, 67% of lens galaxies (eight of twelve) lie in galaxy groups. As there are no strong biases in this sample, is is unlikely this fraction would drop below ∼ 50% once the environments of all lenses are surveyed.
• Most gravitational lenses have interloping structures. In particular, we detect ten groups projected within ∼ 1. ′ 5 of seven lenses; i.e., ≈ 60% of the lenses in this sample have at least one interloping group that could impact the lens model (see also Momcheva et al. 2006 ).
• The centroid positions of the lens groups are consistent with the directions of the external shears required by lens models, for the six systems where we can make the comparison. This suggests that lens environments can explain the model shearswhich has often been assumed, but not well proven.
In at least one system (MG0751), the agreement is seen only when the full virial extent of the group is included.
• The typical gravitational lens is not a super-L * elliptical. Rather, the observed distribution of lens magnitudes is well-described by a convolution of lensing probabilities with a Schechter (1976) luminosity function, with a median lens galaxy luminosity ∼ L * and with known lens galaxies as faint as ∼ 0.1L * .
• The typical lens galaxy is not the brightest group galaxy. In the current sample, only two of eight lens galaxies (25%) in a group are the brightest group galaxy.
• As in the local Universe, higher velocity dispersion (σ 300 km s −1 ), intermediate-redshift galaxy groups have a brightest group galaxy near the group centroid, whereas the brightest group galaxy typically lies outside the group center in lower velocity dispersion groups. This result suggests that the higher σ groups are more dynamically evolved (i.e., virialized) than the lower-σ groups and that evolved (virialized) groups exist by z ∼ 0.5.
• In total, we report the photometric discovery or recovery of 18 candidate poor groups of galaxies in the redshift range z ∼ 0.2 to 0.6. The average red sequence slope is 0.076 ± 0.025, in agreement with that of nearby groups. The measured scatter about the red sequence is comparable to that expected from random photometric errors. When analysis of the full lens sample is complete, we expect to find ∼100 groups at these intermediate redshifts, permitting detailed studies of the evolution of group structure and members. We also consider the impact of different normalizations of M B (L * ) on our results. We have converted each of the published normalizations to a consistent cosmology and to M B , the latter by using the z = 0 colors for elliptical galaxies calculated by Fukugita, Shimasaku, & Ichikawa (1995) . Recent analysis of the density-dependence of the galaxy luminosity function from the 2dF Galaxy Redshift Survey (Colless et al. 2001 ) is presented in Croton et al. (2005) , who find M B (L * ) ranging from −18.3 + 5 log h for early-type galaxies in voids to −19.8 + 5 log h for earlytype galaxies in clusters, with a value ≈ −19.4 + 5 log h for the entire volume. Bernardi et al. (2005) find a value of M B (L * ) = −18.9 + 5 log h for early-type galaxies from the Sloan Digital Sky Survey. Other galaxy surveys have values of M B (L * ) ranging from ≈ −18.7 + 5 log h to ≈ −19.4 + 5 log h (e.g., see Table 1 in Gonzalez et al. 2000) .
Analytically, the change in the color V − I of a galaxy of magnitude I on the red sequence from a change in normalization of I * of ∆I * is:
where β V is the slope of the red sequence in V − I. Taking the faintest value of M B (L * ) = −18.3 + 5 log h from the surveys above and β V = 0.08 ( §3.1), the maximum change in the color of a red sequence galaxy is ∆(V − I) = −0.128. Over the redshift range of 0.2 < z < 1.0, the average change in photometric redshift as a function of change in color is ∆z/∆(V − I) = 0.133, so the maximum change in redshift from a change in normalization would be ∆z ≈ −0.02. We test this calculation by running the group-finding algorithm on several groups with M B (L * ) = −18.3 + 5 log h, and indeed the detected group redshifts are lower by ≈ 0.02. We therefore note that our photometric group redshifts may be systematically biased toward higher redshifts by as much as ∆z = 0.02, smaller than the measured scatter between groups photometric and spectroscopic redshifts given in §3.3.
